Using a nonlinear structural VAR approach, we estimate the effects of exogenous monetary policy shocks in the presence of a zero lower bound constraint on nominal interest rates and examine the impact of such a constraint on the effectiveness of counter-cyclical monetary policies based on the data from Japan. We find that when interest rates are at zero, the output effect of exogenous shocks to monetary policy is cut in half if the central bank continues to target the interest rate. The conditional impulse response functions allow us to isolate the effect of monetary policy shocks operating through the interest rate channel when other possible channels of monetary transmission are present.
Introduction
According to the standard Keynesian textbook model, an expansionary monetary policy leads to a decline in the real interest rate which in turn decreases the cost of capital, thereby causes a rise in consumer and investment spending and hence, raises aggregate demand and output. Many economists seem to agree that such an interest rate channel is the key component of how monetary policy shocks are transmitted to the real economy [e.g. Taylor (1995) ]. However, since nominal interest rates cannot be lower than zero, one implication of such a transmission mechanism is that a liquidity trap would eliminate the effect of monetary shocks on the real economy. Once the nominal interest rate hits the zero value, monetary policy would become impotent when it is mostly needed.
The possibility that such a zero bound on interest rates might interfere with the conduct of monetary policy is not just a purely theoretical concern. For example, the recent experience of Japan, together with low inflation and a sharp decline in interest rates in many other countries in the past two decades, have brought the potential threat of deflation and the zero bound on nominal interest rates into focus. In the case of Japan, the overnight call rate, which is the policy instrument for the Bank of Japan, has been below 50 basis points since mid 1995, accompanied by economic stagnancy and deflationary pressure (see Figure 1) . Such "zero interest rates" have not been observed in the United States and most other developed economies so far. However, with the recent phenomenon of low inflation, the argument that the effectiveness of monetary policy could be severely reduced with zero nominal interest rates no longer seems irrelevant.
These developments have given rise to a renewed interest in the implications of the zero lower bound for monetary policy. While most of the recent studies on this issue have relied on simulations of macro econometric models, this paper uses data on Japanese economy, which has experienced more than 5 years of "zero interest rates," to obtain empirical estimates of monetary policy effects when nominal interest rates hit the zero bound and to investigate the extent to which such a constraint might affect the ability of a central bank to conduct its policy. These empirical results would be useful in evaluating different policy options for the Japanese economy and allow us to draw lessons for other countries regarding the impact of the zero bound on monetary policy.
Estimating the effects of monetary policy under the non-negativity constraints can also help us evaluate empirically the relative importance of different monetary transmission mechanisms. Many monetarist economists [e.g. Meltzer (1995) ] have emphasized the importance of the monetary transmission mechanism operating through other asset prices. They argue that market interest rates are only one of the relative prices affected by monetary shocks. A monetary shock that alters the nominal and real stocks of money affects actual and anticipated prices of a variety of domestic and foreign assets, which in turn may affect investment and consumer spending through Tobin's q theory of investment and the wealth effect on consumption.
Some economists also view frictions in the credit markets due to asymmetric information as playing an important role in the process of monetary transmission [e.g. Bernanke and Gertler (1995) ]. They argue that either through the balance sheet channel or the bank lending channel, a change in monetary policy can have an additional (and significant) impact on investment and consumer spending, and hence affects the aggregate demand and output.
The responses of the economy to monetary shocks most likely reflect the joint effect of different monetary transmission mechanisms, whose individual impact may be difficult to identify empirically. Nevertheless, observing zero interest rates provides an excellent opportunity to isolate the impact of monetary policy operating through the channels other than interest rates. Comparison of the responses of the economy to a monetary shock when the interest rate is at zero and when it is strictly positive would make possible an assessment of the importance of the interest rate channel.
Our study contributes to the recent literature on the zero bound on nominal interest rates. Using structural models of the U.S. economy, several authors perform numerical simulations to find the extent to which the zero bound prevents real rates from falling and hence affects the central bank's ability to optimally respond to adverse macroeconomic shocks. Fuhrer and Madigan (1997) , Orphanides and Wieland (1998) , and Reifschneider and Williams (2000) all find that monetary policy is significantly constrained by the zero bound under a policy regime with a low inflation target. Similar studies based on different models are conducted by Rotemberg and Woodford (1997) and Wolman (1998) with different conclusions about the importance of the zero bound as a constraint on monetary policy. The main objective of these studies is the normative implications for monetary policy of the zero bound. They try to evaluate "whether the zero bound introduce distortions that make low inflation undesirable". Most of the studies in this literature except Reifschneider and Williams (2000) have focused on the interest rate channel of monetary transmission.
In contrast, our study is based on direct empirical evidence on macroeconomic performance in a "zero interest rates" environment. Using the structural VAR approach, we examine to what extent the zero bound may affect a central bank's policy effectiveness when allowing for other channels of monetary transmission. Moreover, through state dependent impulse-response functions, we evaluate the relative importance of different monetary transmission channels. The paper also has a technical contribution to the structural VAR literature. It introduces a type of nonlinearity into a standard VAR model by incorporating a censored left hand variable.
Another strand of the zero interest rate literature focuses on the theoretical issue of how to avoid the zero bound and a liquidity trap and how to escape from them if trapped, usually with specific references to Japan. While many agree on how to avoid them, a variety of ways to get out of a liquidity trap are proposed, emphasizing different channels of monetary transmission [e.g Buiter and Panigirtzoglou (1999), Christiano (1999) , Krugman (1998) , McCallum (2000a) and Svensson (2000) among others].
The rest of the paper is organized as follows. Section 2 describes the data used in this study. Section 3 discusses our econometric strategy. Section 4 presents the main results and section 5 concludes.
The Data
Since the collapse of the speculative asset price bubble in early 1990, Japan has suffered prolonged deflation and economic stagnancy. Figure 1 exhibits industrial production and overall wholesale price together with the interbank call rates in Japan during 1990s. It can be seen clearly that output has failed to grow during the past decade while price level has been continuously declining (see Figure 1 , both output and price are measured on the left scale). Such economic distress has prompted the Bank of Japan (BoJ) to adopt an expansionary monetary policy by lowering nominal interest rates. By September 1995, the inter-bank call rate, which has been the policy instrument for the BoJ, was pushed down to below 50 basis points and remained at that low level until the end of 2001 (Figure 1 , measured on the right scale). The experience of Japanese monetary policy during this period therefore provides a good opportunity to study the impact on monetary policy of the zero bound constraint on nominal interest rates.
In this paper, we use a monthly data set from 1991 to 2001. The variables include the Japanese wholesale price index, an index of industrial production, the inter-bank overnight call rate, the aggregate money supply (M1) and the Nikkei stock market index. Data on the price level, the interest rate and the stock market price are obtained from the BoJ. Data on industrial production and M1 are obtained from International Financial Statistics of the IMF. A reason for our focus on the time period between 1991 and 2001 is to avoid major policy changes within the sample. There appear to be several structural changes in Japanese monetary policy during the past 30 years. For example, in the second half of 1980s, stabilizing the exchange rate seemed to be the main policy goal for the BoJ due to the Plaza Accord. Moreover, the dramatic rise in asset prices starting in late 1980s caused the BoJ to refocus its policy activities on asset prices. See Hertzel (1999) for a discussion of Japanese monetary policy since 1970s. After the burst of the asset price bubble in 1990, however, the main concern of the BoJ is to deal with deflation and to revive its domestic economic activity, and there does not seem to be any major structural change in its policy.
The Model

VAR with a censored variable
To examine the effect of monetary policy shocks on the economy when the nominal interest rate is at zero, we propose a nonlinear Vector Autoregression (VAR) model that incorporates a censored variable. The model allows us to estimate the impulse-response functions conditional on the level of the interest rate. Before introducing our model in detail, we briefly describe the monetary policy practice of the Bank of Japan (BoJ) during the 1990s, a period when the BoJ explicitly uses a short-term nominal interest rate (the overnight inter-bank call rate) as the policy instrument. In the late 1990s, the BoJ adopted what they call "zero interest rate policy." 1 The goal of this policy is to avoid further intensifying deflationary pressures and stop the economic 1 According to the BoJ, the zero interest rate policy covers the period from February downturn. The BoJ's firm commitment to the zero interest rate policy is reflected in the well-cited statement of the BoJ's official: "We (the BoJ) will continue the zero interest rate policy until we reach a situation where deflationary concerns are dispelled" (Governor Hayami's statement at a press conference on April 13, 1999) . In short, the policy undertaken by the BoJ in the late 1990s is to move nominal interest rates down to a level as low as possible by satiating the money market with excess supply of funds. One important aspect of the zero interest rate policy is that an exogenous monetary easing will not result in any further movement in the interest rate when the rate is already on the zero lower bound. Therefore, while the stance of monetary policy can be directly measured by the interest rate when it is positive, the interest rate at zero is no longer an adequate indicator of the policy stance.
To model the behavior of the monetary authority in Japan described above, we propose the following specification. Let R t be a nominal shortterm interest rate and R * t be a latent variable measuring the stance of monetary policy. 2 R * t is in general not observable. However, under the monetary policy regime that uses the short-term interest rate as the operating target, R * t is directly linked to R t through the relation
where c is a lower bound on the nominal interest rate at which R t is regarded as essentially zero. We will further discuss what value is the most appropriate for c below. Equation (1) treats R t as a censored variable. It implies that, when used by the monetary authority as the policy instrument, the short-term interest rate provides a direct measure of the stance of monetary policy. However, if the monetary policy drives the interest rate down to zero, a further monetary easing will not affect the interest rate. Our focus is to identify exogenous monetary policy shocks to R * t and estimate their dynamic effects on key macroeconomic aggregates. 3 To connect the above scheme to the macroeconomic shocks, consider a standard money market model as illustrated in Figure 2 . When the interest rate is the operating target, we can describe the determination of the interest rate and money growth in terms of fundamental macroeconomic shocks by (we abstract from all the lagged variables that may also enter the equations)
where ∆m t is the growth rate of money at time t. Note that the short-term interest rate R t is determined jointly by (1) and (2).
Equation (2) represents the monetary policy reaction function (or policy rule), where ε Y t is a vector of innovations to the macroeconomic variables to which the central bank responds contemporaneously when setting the short-term interest rate. ε s t is an exogenous monetary policy shock due to any discretionary actions that are not captured by the systematic monetary policy rule, and ε d t in equation (3) stands for an exogenous money demand shock. When the interest rate is the policy instrument, the monetary authority fully accommodates money demand shocks so that ε d t only affects money growth without having any immediate effect on the interest rate. On the other hand, the exogenous monetary policy shock ε s t affects both the interest rate and money growth. policy rule during the whole sample period. We believe this is a reasonable assumption about the monetary policy behavior of the BoJ during the 1990s because there is no indication that the central bank has adopted an alternative operating procedure in its conduct of monetary policy after the interest rate had reached zero, despite that many economists have suggested that the monetary authority should take some quantitative measures in the presence of the zero interest rate. This allows us to address the central issue of how the monetary policy effects are altered when the interest rate reaches its lower bound but the central bank continues to follow the same policy rule. In a later section, we consider the alternative scenario in which the BoJ switches to target to money growth under the zero interest rate regime.
We now turn to the issue of what value is the most appropriate for c. In general, the call rate cannot become exactly zero because of the existence of various transaction costs. 4 Those costs add up to 2-3 basis points. But the choice of the value for c should be made to best describe the BoJ's policy rule. The BoJ has set the uncollateralized overnight call rate guideline at 0.50% for 1995-1998 and at 0.25% after September 1998. Between February 1999 and July 2000, this lower bound was further pushed down to about 0.02-0.03%. It therefore appears to be a good approximation to the actual policy behavior to model the rate as being censored or equivalently R * t ≤ R t as long as the actual rate R t is less than 50 basis points. A glance at the plot of the actual rates in Figure 1 appears to suggest that a regime change had occurred in 1995 when the nominal rate hit 50 basis points. Moreover, it is also supported by Krugman (1997) , which argues that at a nominal rate of 0.43% "the economy is clearly in a very good approximation to liquidity trap conditions." Accordingly, throughout this paper, we use the terms such as 'zero interest rate' or 'zero bound' even when the actual lower bound is not necessarily exactly equal to zero. 5 The small VAR system we estimate consists of three groups of variables. The first group includes standard macroeconomic variables such as output and price. Monetary policy is assumed to respond to these variables contemporaneously. The second group are money market variables including a short-term nominal interest rate (the overnight inter-bank call rate is used in this paper) and the growth rate of aggregate money. These variables contain information about the stance of monetary policy. The last group includes some broad financial market variables such as stock market indices. These are the variables that can potentially play important roles in the monetary transmission process as suggested by Meltzer (1995) , particularly when the nominal interest rate is on the zero bound. However, monetary policy is assumed not to respond to these variables contemporaneously.
Denote three groups of variables mentioned above by Y t , W * t , X t respectively, where Y t is a k × 1 vector, W * t is an l × 1 vector and X t is an n × 1 vector, and m = k + l + n. The VAR system is then given by
where
with L being the lag operator, and µ is a vector of constants. The u t stands for a vector of one-step-ahead forecast errors and we assume that u t ∼ N (0, Σ) where Σ is a symmetric positive definite matrix. It is important to note that in equation (4), W * t on the left hand side of the equation includes the latent variable R * t , while W t on the right hand side of the equation includes the actual interest rate R t , which is related to R * t in a nonlinear way. This specific feature yields a model that exhibits interesting dynamics.
Identification
The structural form of the system (4) can be written as
These two assumptions together with the restrictions implied by the policy scheme of interest rate targeting (i.e. R * t does not respond to the money demand shock ε d t ) imply that the matrix A 0 is block triangular. Rewrite (5) as
where C 0 is the matrix of the impact multipliers. Since C 0 = A −1 0 , the matrix C 0 is also a block lower triangular matrix 6
which relates the fundamental shocks ε t to the VAR residual u t .
Note that in the above matrix, C 22 is an l × l lower triangular matrix, which imposes sufficient identifying restrictions to investigate the dynamic response of Z t to a monetary policy shock ε s t [see also Keating (1996) ]. The system (6) subject to (1) and (7) can be estimated by the maximum likelihood method with additional necessary zero restrictions on C 11 and C 33 . The Akaike's information criterion (AIC) is used to choose the number of lags in (6) . The derivation of the likelihood function is provided in the Appendix.
When the economy is in liquidity trap, money demand is likely to behave quite differently than in the normal environment with positive interest 6 Note that since we are not interested in identifying the money demand shock ε d t , it is just a simplification to assume that the money growth ∆mt does not respond to the financial market shock ε X t in the same period.
rates. We therefore allow for the possibility that when the nominal interest rate is zero, money growth ∆m t responds differently to ε Y t as well as ε M t . Accordingly, the elements in the second row of matrices C 21 and C 22 have different values when the interest rate is at zero (the estimated coefficients on the zero-interest-rate dummies are reported in Table 2 below). We also allow for different intercept term for ∆m t in model (6) when the zero bound is approached. 7 Unlike in the linear case, the impulse response function (IRF) of the above VAR system is history-and shock-dependent [Potter (2000) , Koop , Pesaran, and Potter (1996) ]. This feature of the model allows us to investigate the effect of a monetary policy shock under two interest rate regimes, an issue we will discuss in more detail in the following sections.
Results
We estimate the nonlinear structural VAR model with the monthly data on Japanese wholesale price index, industrial output, the inter-bank call rate, the annual growth rate of money and the Nikkei stock price index (denoted by Z = (p, y, R, ∆m, x)) from 1991 to 2001. 8 Since our primary interest is in the dynamic responses of the variables, we do not report the point estimates of the VAR parameters here but only mention some features of the estimated model. First, Table 1 shows that the signs of the estimates of the elements in C 21 and C 22 are consistent with the counter-cyclical monetary policy pursued by the BoJ during that period. Namely, the BoJ takes expansionary policy actions by cutting the interest rate when facing a deflationary shock or a negative shock to output. (Notice the large and significant policy response to a positive shock to the price level (C 21 (1, 1) ) in the table below.) 7 We also let the financial variable X t respond differently to exogenous shocks under the zero interest rate regime. But we find the difference is small and insignificant.
8 The 4-variable VAR excluding the stock market price, that is Z = (p, y, R, ∆M), is also estimated. The results are very similar to those from the 5-variable VAR.
(Note: C 21 is 2 × 2 matrix. C 21 (1, 1) measures the response of R * t to a positive shock to the price level and C 21 (1, 2) measures the response of R * t to a positive shock to output. C 22 is a 2 × 2 lower triangular matrix. C 22 (1, 1) measures the standard deviation of monetary policy shocks. The numbers in parentheses are the standard errors.) Second, nonlinearity is an important feature of the data because of the censorship and the different behavior of money demand when the interest rate is at zero. Figure 3 displays the fitted value of R * t based on our VAR estimates together with the actually observed call rate. We can see that there are still large fluctuations in R * t in the zero interest rate regime, indicating active policy movements during that period even when the actual interest rate rarely moves. The figure also shows that the estimates of the policy stance R * t track the lower bound on the interest rate closely after 1995, consistent with the zero interest rate policy stated by the monetary authority. It is interesting to notice the sharp decreases in R * t near the end of the sample period, implying that there were large monetary expansions in the second half of 2001. The BoJ has been criticized for conducting too tight monetary policy particularly after the interest rate had reached the zero bound. This significant easing of its policy suggests that the BoJ may have finally abandoned the zero interest rate policy and adopt a more expansionary monetary stance. Our estimates also confirm that there are significant differences in the behavior of money growth during the zero interest rate period. Table 2 reports the estimated coefficients on the zero-interest-rate dummies (q 1 through q 4 ) that capture the differences in response of ∆m t to the macroeconomic shock ε Y t and money market shock ε M t Based on the estimated VAR model, we now examine the dynamic responses of output, price, and other variables to an expansionary monetary policy shock when the interest rate is at zero and when it is positive. Our interest centers around the following two questions: (i) How much of the effect of an expansionary monetary policy shock on output is actually eliminated by the zero bound constraint on nominal interest rates? (ii) How important is the interest rate channel compared with other channels of monetary transmission?
The impulse response function (IRF) is often obtained by the difference of the h-steps-ahead forecast of the series with a current shock of a unit size from the same forecast without a shock. In a linear time series, this difference reduces to the h-th order parameters in its moving-average (MA) representation. In a vector auto-regression with a censored left hand variable, however, the MA representation is no longer linear in the shocks. As a result, the IRF for the nonlinear model is dependent upon the entire history of the series as well as the size and direction of the shock. This state-dependent feature of the IRF allows us to analyze the policy effects conditional on the current state of the system. We follow the literature on nonlinear impulse response [Koop et al (1996) , Gallant et al (1993) , and Potter (2000)] and treat a nonlinear IRF as the difference between a pair of conditional expectations of the variables given a non-zero shock and a zero shock at the current period, i.e.
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where Ω t−1 stands for the information set at t − 1, and h = 1, 2, · · · is the time horizon. In other words, to calculate the nonlinear IRF, we have to specify the nature of the shock (its size and sign) and the initial condition, Ω t−1 . To calculate the conditional expectations, we simulate the model in the following manner. First, we randomly draw ε t+j from N (0, I m ) for j = 1, 2, · · · , h and then simulate the model conditional on an initial condition Ω t−1 and a particular shock ε t . This process is repeated 500 times and the estimated conditional expectation is obtained as the average of the outcomes.
The effects of monetary policy shocks when the interest rate is zero
Figures 4(a) -4(e) report the estimated impulse reponse functions (IRFs) of the variables included in our model. The solid and broken lines stand for, respectively, the IRFs of the variables to an expansionary monetary policy shock of size equal to one standard deviation when the interest rate is at zero and when it is positive. The horizontal axis measures the number of months after the shock. The IRF under each regime is calculated as an average of all the IRFs corresponding to the historical dates belonging to each of the two regimes: the regime where the call rate is at zero and the regime where it is positive. We find a striking difference in the IRFs under two regimes, which are consistent with the standard textbook explanation of the interest rate channel of monetary transmission.
When the interest rate is positive, we obtain the IRFs commonly observed in the standard monetary VAR literature. An expansionary policy shock decreases the nominal interest rate (Figure 4(c) ), increases money growth (Figure 4(d) ) and the aggregate price level (Figure 4(a) ). The decrease in the nominal interest rate and the rising price level imply a much lower real interest rate which then leads to increases in real output ( Figure  4(b) ). The full impact on output reaches its peak in about 10 months after the initial monetary expansion. Moreover, the IRF of the aggregate price level exhibits the usual "price puzzle", where the price level initially declines under an expansionary monetary shock.
The same monetary policy shock, however, generates quite different dynamic responses of the macroeconomic variables when the interest rate is at the zero bound. While money growth and the price level continue to rise in response to the expansionary policy shock (Figure 4(d) and 4(a) ), the nominal interest rate is constrained by the zero bound and can no longer fall (Figure 4(c) ). As a result, although the rising price level still generate a lower real interest rate, the decrease in the real rate is only moderate, leading to much smaller increase in output. In fact, our estimates suggest that the peak impact of the monetary policy shock on output when the nominal interest rate is at zero is only about half the size of what the monetary policy can achieve when the rate is positive (Figure 4(b) ). It is interesting to note that the IRF of the price level does not show the usual "price puzzle" under the zero interest rate regime.
The difference in the dynamic responses of output under two regimes provides an empirical estimate of the extent to which the zero bound constraint on interest rates impedes the transmission of monetary innovations. It suggests that the monetary authority cannot achieve the full effect of policy actions by continuing to target the nominal interest rate when the rate is stuck at zero. It also suggests that if the central bank generates high enough inflation, probably through some quantitative measures, so that the real interest rate decreases as much as in the normal circumstance, then it may be possible to overcome this zero interest rate constraint. We address this issue in a later section by exploring alternative monetary policy strategies.
Some economists such as Meltzer (1995) have argued that a monetary innovation not only changes a short-term interest rate, but also alters the relative prices of a variety of assets. To capture this effect of the policy shocks, we include an aggregate stock market price index in our VAR system. Figure 5 shows the stock price index indeed rises following an expansionary monetary shock, even when the nominal interest rate remains at zero. Such an increase in asset prices can have positive influence on real output either through the wealth effect on consumption or through a mechanism involving Tobin's q theory of investment. It can also magnify the interest rate channel impact through a credit channel effect [Bernanke and Gertler (1995) ]. When the interest rate is always positive, it is difficult to separate empirically the effect of monetary policy shocks operating through the standard interest rate channel from those through any other channels. When the interest rate sometimes hits the zero bound, however, we can construct a pair of IRFs under two regimes and take the difference as a measure of the relative importance of the interest rate channel. More specifically, the difference of the responses of output provides a lower bound of the contribution of the interest rate channel because the real interest rate is still decreasing due to the rising price level even when the nominal rate is at zero. The large difference of the IRFs in Figure 4 (b) appears to confirm that the interest rate channel is by far the most important monetary transmission.
The impact of the zero interest constraint on counter cyclical monetary policy
Some recent studies investigate the effect of the zero bound constraint on the ability of monetary authority to conduct effective policy [e.g Fuhrer and Madigan (1996) , Orphanides and Wieland (1998) among others]. They use numerical simulation to find the extent to which a zero bound prevents the monetary authority from pursuing a counter cyclical interest-rate policy in response to negative macroeconomic shocks. We perform an analogous exercise by subjecting our VAR model to some adverse macroeconomic shocks to see how differently the system would respond depending on whether or not the interest rate is on the zero bound.
To conduct this exercise, we choose a macroeconomic shock (any mixture of inflation, output, and monetary shocks) that would generate an output decline for two consecutive quarters-the standard definition of a recession-in the normal situation. We then subject our VAR model to the same shock conditional on the interest rate being zero. Figures 6 and 7 display the IRFs of the interest rate and output, respectively. In the normal situation where the interest rate is not constrained, such a negative shock drives down output as well as the interest rate as the monetary authority pursues a counter cyclical policy. The resulting lower interest rate would eventually push the economy out of the recession. In contrast, if the interest rate is at zero when the adverse macroeconomic shock hits the economy, the monetary policy would lose much of its leverage against such a negative shock. Figures  6 and 7 show that the interest rate cannot fall any further, while the recovery is not only slower, but also weaker. If the interest rate is above zero when the negative shock hits the economy, the output will fully recover in about 14 months and then continues to rise about its original level. But if the interest rate is at zero when the shock hits the economy, it would take more than 20 months for output to barely come back to its original level.
An alternative way to look at the impact of the zero bound constraint is to postulate a hypothetical situation in which the zero bound constraint is entirely removed. How differently would the economy evolve after 2001 with stochastic macroeconomic shocks with and without the zero bound constraint? We simulate the estimated VAR starting from the last sample period, and compare the dynamics of output and the interest rate. Figures  8 and 9 display the results from such an exercise. We can see that without zero bound constraint, the interest rate would become significantly negative, which in turn stimulates the economy and output rises faster and reaches a level much higher than it would be with the constraint. One major caveat of such a comparison is obviously that the model parameters are estimated while imposing the zero bound constraint. Nevertheless, the large discrepancy between the two output series in Figure 9 suggests that the zero bound has a significant impact on the macro economic performance of the economy.
Targeting money growth when the interest rate is at zero
The BoJ has been criticized for not being aggressive enough to combat persistent deflation and prolonged economic stagnancy. Many critics argue that effective monetary policy requires quantitative easing when the interest rate is stuck at zero. The sharp decline of our latent policy variable R * t near the end of our sample period (Figure 3) suggests that the BoJ might have indeed started to take alternative policy actions under increasing pressures. In this section we estimate the effect of such quantitative measures when the interest rate is at the zero bound.
Specifically, if the BoJ decided to target money growth after the interest rate was pushed down to zero, equation (2) and (3) would be replaced by (abstracting from all the lagged variables) monetary authority switches its operating target to money growth when the interest rate is at zero, the effect of a monetary shock on output would be almost as strong as when the interest rate is positive. In contrast, the zero bound can eliminate almost 50% of the output effect of policy shocks if the monetary authority continues to target the interest rate as found in Figure  4 .
Examining Figures 4 and 10 helps find the possible source of this large difference. If the monetary authority switches its target to money growth when the interest rate is at zero, an exogenous monetary expansion would generate a price increase so large (Figure 10(a) ) that even though the nominal rate is stuck at zero (Figure 10(c) ), there would be enough decline in the real interest rate to push up the level of output (Figure 10(b) ). However, if the monetary authority continues to target the interest rate, the impact of the monetary expansion on the price level is not large enough (Figure 4(a) ) to offset the negative impact of the zero interest rate (Figure 4(c) ). As a result, monetary policy becomes much less effective (Figure 4(b) ).
Since we cannot test which scheme is a better description of the true monetary behavior under the zero interest rate regime, the above estimates are subject to the caveat of "identification errors". The BoJ has repeatedly made it public that it is pursuing an interest rate targeting policy through out the sample period. To the extent this is true, the results reported in Figure 4 give us the empirical estimates of the effect of the zero bound on the interest rate channel of monetary transmission. If the true policy is a mixture of both interest rate and money targeting, our results reported in Figure 10 would provide direct empirical evidence favoring quantitative measures as a way to conduct effective monetary policy when the interest rate is on the zero lower bound.
Concluding remarks
In this paper we estimate the effect of an exogenous monetary shock when nominal interest rates are at zero and examine the impacts of the zero bound constraint on the effectiveness of counter-cyclical monetary policy. While there are many recent studies trying to evaluate the extent to which the zero bound interferes with the conduct of monetary policy by simulating structural models of the U.S. economy, those quantitative results are inevitably model specific and often lack direct empirical support. The low interest rates and the apparent presence of the liquidity trap in Japan during the past decade make it possible to address such issues empirically using a nonlinear structural VAR.
We find that when the the interest rate is on the zero bound, up to 50% of the impact of an exogenous monetary innovation on output can be eliminated if the monetary authority continues to target the interest rate. The conditional IRFs allow us to isolate the impact of monetary shocks operating through the interest rate channel when other possible channels of monetary transmission are present. We find that (i) an exogenous monetary shock may still have a significant effect on the real economy when nominal interest rates are at zero, (ii) it is the interest rate channel that appears to be the most important mechanism of monetary transmission. Moreover, we also find that the presence of the zero bound on nominal interest rates could severely limit the ability of central banks to pursue a counter-cyclical interest rate policy when facing adverse macroeconomic shocks.
It is often debated whether or not the BoJ should conduct a further monetary easing given the stagnant domestic economy and the zero bound constraint on its policy instrument. This paper provides some empirical evidence supporting the view that the monetary authority can rely on quantitative measures to conduct an effective monetary policy when the interest rate is on the zero bound.
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